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A wide selection of thermal, chemical and optical methods have been proposed for the quantification of black carbon (BC)
in environmental matrices, and the results to date differ markedly depending upon the method used. A new approach is hydro-
pyrolysis (hypy), where pyrolysis assisted by high hydrogen pressures (150 bar) facilitates the complete reductive removal of
labile organic matter, so isolating a highly stable portion of the BC continuum (defined as BChypy). Here, the potential of hypy
for the isolation and quantification of BC is evaluated using the 12 reference materials from the International BC Ring Trial,
comprising BC-rich samples, BC-containing environmental matrices and BC-free potentially interfering materials. By varying
the hypy operating conditions, it is demonstrated that lignocellulosic, humic and other labile organic carbon material (defined
as non-BChypy) is fully removed by 550 C, with hydrogasification of the remaining BChypy not commencing until over 575 C.
The resulting plateau in sample mass and carbon loss is apparent in all of the environmental samples, facilitating BC quan-
tification in a wide range of materials. The BChypy contents for all 12 ring trial samples fall within the range reported in the BC
inter-comparison study, and systematic differences with other methods are rationalised.
All methods for BC isolation, including hypy are limited by the fact that BC cannot be distinguished from extremely ther-
mally mature organic matter; for example in high rank coals. However, the data reported here indicates that BChypy has an
atomic H/C ratio of less than 0.5 and therefore comprises a chemically well-defined polyaromatic structure in terms of the
average size of peri-condensed aromatic clusters of >7 rings (24 carbon atoms), that is consistent across different sample
matrices. This, together with the sound underlying rationale for the reductive removal of labile organic matter, makes hypy
an ideal approach for matrix independent BC quantification. The hypy results are extremely reproducible, with BChypy deter-
minations from triplicate analyses typically within ±2% across all samples, limited mainly by the precision of the elemental
analyser.
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Black carbon (BC), also known as pyrogenic carbon, is
defined as the carbon-rich (>60%) residue from incomplete
combustion of fossil fuels and biomass (Goldberg, 1985),
Table 1
Summary of methods used in the BC ring trial (full details in Hammes et al., 2007).
Method (abbreviation) Analytical rationalea BC quantification Referencea
Chemo-thermal oxidation (CTO-375) Oxidation at 375 C in air following acid
pretreatment
Elemental analysis Gustafsson et al.
(1997)
Benzene polycarboxylic acid formation
(BPCA)
Oxidation in nitric acid following acid
pretreatment
GC/FID Glaser et al. (1998)
Acid dichromate oxidation (K2Cr2O7) Acid dichromate oxidation following acid
pretreatment
Elemental analysis Wolbach and
Anders (1989)
Thermal/optical transmittance and
reflectance (TOT/R)
Stepwise heating to 900 C in He/O2 Laser reflectance or
transmittance plus FID
Chow et al. (1993)
Thermogravimetry–differential scanning
calorimetry (TG–DSC)
Heating to 990 C in He/O2 Mass difference during
heating
Lopez-Capel et al.
(2005)
Sodium hypochlorite oxidation
(NaClO)
Oxidation with NaClO following acid
pretreatment
13C NMR and elemental
analysis
Simpson and
Hatcher (2004a)
UV photo-oxidation (UV) Photo-oxidation in oxygenated water
after acid pretreatment
13C NMR and elemental
analysis
Skjemstad et al.
(1996)
Multi-element scanning thermal analysis
(MESTA)b
Heating to 800 C in He/O2 with products
combusted at 1100 C
BC determined at 550 C Hsieh and Bugna
(2008)
a Methodologies summarised very briefly, see Hammes et al. (2007) and references therein for details.
b Method not published at the time of the ring trial but assessed with many of the same samples.
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tive degradation (Bird and Gro¨cke, 1997; Schmidt and
Noack, 2000; Preston and Schmidt, 2006). This definition
of BC encompasses a broad continuum, from combustion
residues (e.g. charred biomass and charcoal) to combustion
condensates (e.g. soot), reflecting different precursors and
formation processes (Schmidt and Noack, 2000; Schmidt
et al., 2001; Masiello, 2004; Preston and Schmidt, 2006).
Estimated global BC production rates are 50–270 Tg year1
(Kuhlbusch and Crutzen, 1995), and BC plays a key role in
global processes, including atmospheric chemistry, radia-
tive heat balance (e.g. Crutzen and Andreae, 1990), the glo-
bal carbon cycle (e.g. Masiello, 2004), the transport and
bioavailability of organic pollutants (Bucheli and Gustafs-
son, 2000) and as a tracer of fire history (Bird and Cali,
1998). It is therefore imperative that accurate and compara-
ble analyses of BC are possible across a variety of matrices
(Schmidt et al., 2001). However, due to the different defini-
tions of BC, a large number of quantification methodolo-
gies are applied, depending upon the particular physical
and chemical characteristics of BC that are of interest,
and the purpose of the study (Hammes et al., 2007). For
example, as aerosol BC (often termed elemental carbon,
EC) is the main atmospheric absorber of visible light, this
material is frequently isolated according to its light
absorbing properties (Watson et al., 2005). In contrast,
BC in soils and sediments is understood to form a long-
term carbon sink, due to estimated BC half lives of 5–
7 ky (Preston and Schmidt, 2006). Consequently, BC in
these matrices is frequently isolated on the basis of its
chemical recalcitrance.
The various methods for the quantification of BC have
been summarised and reviewed elsewhere (e.g. Schmidt
et al., 2001; Watson et al., 2005; Hammes et al., 2007),
and can be broadly classified as thermal, optical, chemical,
combined thermo-optical or thermo-chemical, spectro-
scopic, microscopic and molecular marker methods
(Masiello, 2004). Chemical and thermal methods typicallyquantify BC by elemental analysis of the sample residue
after removal of the non-BC sample fraction, while other
methodologies directly measure BC in the whole sample.
As BC is typically isolated via operational, rather than
chemical parameters, individual methodologies only
identify BC from a specific portion of the BC continuum,
with no one method being able to isolate or quantify BC
across the whole range (Schmidt et al., 2001; Currie et al.,
2002; de la Rosa et al., 2011). The methodological depen-
dence of BC quantification has been highlighted in multiple
method intercomparison studies (e.g. Horvath, 1993; ten
Brink et al., 2004; Watson et al., 2005; Hitzenberger
et al., 2006; Hammes et al., 2007; Bae et al., 2007; Reisinger
et al., 2008). For example, Schmidt et al. (2001) found
variation over one order of magnitude between BC con-
tents of urban aerosol samples using nine different
quantification methodologies, and of over two orders of
magnitude for BC content of soil samples using six different
methodologies. Likewise, Currie et al. (2002) found BC
values of an ‘‘urban dust” standard (NIST SRM 1649a)
ranged between 6.8% and 52% using 13 different quantifica-
tion methods.
This variation in BC quantifications partly reflects differ-
ences in the operational definition of BC between methods,
and partly a variety of positive and negative methodologi-
cal biases in BC isolation (e.g. Nguyen et al., 2004; Hammes
et al., 2008). These problems were highlighted in a compre-
hensive and systematic intercomparison study by Hammes
et al. (2007), where the BC content of 12 reference materials
was determined by the seven different methods summarised
in Table 1. While concentrating on methods used for BC
determination in soil and sediment samples, this study also
included BC-rich soot and chars, together with a number of
potentially interfering materials such as coals, a type I ker-
ogen and a melanoidin negative control. The 12 samples
from this study, known as the International BC Ring Trial
(referred to hereafter as the “ring trial”) are summarised in
Table 2, with full details available in Hammes et al. (2007)
Table 2
Samples from the BC ring trial as used in this study (full details in Hammes et al., 2007).
Group Sample Details TCa (%)
Environmental matrices Vertisol Sandy clay soil; Urrbrae, South Australia (37% clay) 3.1
Chernozem Light sandy clay soil; Hildesheim, Germany (19% clay) 2.0
Marine sediment Baltimore harbour, Chesapeake Bay, Maryland, USA
(NIST SRM 1941b, 2004)
3.0
Aerosol Urban dust, Washington DC, USA (NIST SRM 1649b, 2009) 18.0
Dissolved organic matter
(DOM)
Suwannee River natural organic matter, Georgia, USA (IHSS) 47.1
Laboratory produced BC-rich Grass char Grass (Oryza sativa) char (450 C for 5 h under nitrogen) 57.4
materials Wood char Chestnut (Castanea sativa) char (450 C for 5 h under nitrogen) 71.9
n-Hexane soot Soot collected from an open n-hexane flame 92.9
Potentially interfering materials Melanoidin Negative control, nitrogen rich biopolymer 54.3
Green River shale Green River Formation (Mahogany zone) Utah, USA
(USGS SGR-1)
27.2
Lignite coal Beulah-Zap lignite, North Dakota, USA
(Argonne National Laboratory)
58.5
Bituminous coal Pocahontas #3, Virginia, USA (Argonne National
Laboratory)
85.9
a Data from this study, values show minor variations to the averages reported by Hammes et al. (2007).
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Potential underestimation of sample BC content was
identified in some of the popular methods, due to the
aggressive removal of labile carbon. In the chemo-thermal
oxidation (CTO) approach (Gustafsson et al., 1997; Elm-
quist et al., 2004) only the most condensed BC forms are
quantified (Hammes et al., 2007), while during acid dichro-
mate oxidation (K2Cr2O7); (Wolbach and Anders, 1989;
Bird and Gro¨cke, 1997) inadvertent oxidation of the sample
BC fraction is possible (Knicker et al., 2007). In addition,
negative biases in the benzene polycarboxylic acid forma-
tion method (BPCA) have been attributed to incomplete
conversion of all BC to BPCAs (Nguyen et al., 2004).
Overestimation of sample BC is possible due to artifactual
quantification of non-BC material as BC, which occurs if
the CTO temperature is maintained below 375 C (Elmquist
et al., 2004). Positive biases can also result from in situ
charring of non-BC material (Simpson and Hatcher,
2004b), incomplete K2Cr2O7 oxidation of hydrophobic
materials (Knicker et al., 2007), or the presence of BPCAs
derived from non-BC sources (Brodowski et al., 2005). To
mitigate such biases, various pretreatment steps and modi-
fications have been adopted (e.g. Gelinas et al., 2001), but a
risk with some modifications is handling and transfer losses
which themselves can lead to underestimation of BC (Elm-
quist et al., 2004). Adaptations of thermal/optical transmit-
tance and reflectance methods (TOT/R) have been applied
in measurement of atmospheric BC (e.g. Chow et al., 1993;
Watson et al., 2005), and of BC in soils and sediments (Han
et al., 2007). However, despite this, it would appear that
there is inadequate discrimination between BC and non-
BC organic matter in terrestrial and marine environments
by these methods (Hammes et al., 2007).
Other methods described in the ring trial, such as
thermogravimetry–differential scanning calorimetry (TG–
DSC), oxidation with sodium hypochlorite (NaClO)followed by BC determination by 13C NMR and photo-
oxidation with UV, together with the multi-element
scanning thermal analysis (MESTA) method of Hsieh and
Bugna (2008) (not included in the ring trial) have been ap-
plied less widely, as they require more specialised equip-
ment. While each of these methods have been shown to
detect BC across much of the BC continuum, biases may
arise, with TG–DSC susceptible to interference from min-
eral impurities such as clays (e.g. Plante et al., 2005), and
UV-oxidation procedures may overestimate the BC content
of soils and sediments (Simpson and Hatcher, 2004b). In
addition, while NaClO oxidation was tested with seven of
the 12 ring trial samples (Hammes et al., 2007), the study
of MESTA used only six, which did not include the poten-
tially interfering materials (Hsieh and Bugna, 2008), and so
their efficacy for BC quantification still needs to be tested
across a wider range of samples.
It is clear that currently no one method has gained wide
acceptance as providing accurate and robust BC determina-
tions across a wide range of sample types. In this study, the
12 reference materials employed in the ring trial are used
for the systematic assessment of the efficacy of a new meth-
od, hydropyrolysis (hypy), which has recently been pro-
posed as a means of isolating and quantifying BC in soils
and chars (Ascough et al., 2009, 2010). Hypy refers to pyro-
lysis assisted by high hydrogen pressures (150 bar) with a
dispersed sulphided molybdenum (Mo) catalyst. The under-
lying principle for BC determination is that thermally labile
macromolecular organic matter is reductively liberated, pri-
marily being converted into dichloromethane-soluble oil,
leaving behind a refractory fraction of thermally stable,
highly aromatic carbonaceous material defined as BChypy.
Thus, it has been found that at a pressure of 150 bar, hypy
conversions of labile carbon (defined as non-BChypy) close
to 100% are achieved for immature type I and II kerogens
(Roberts et al., 1995; Love et al., 1997; Murray et al.,
1998) and biomass (Rocha et al., 1999; Beramendi-Orosco
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versions equate to the vitrinite plus liptinite (reactive macer-
al) contents, with the residue being derived from inertinite
(Li et al., 1996). Further, it has been shown that the hydro-
carbon products of hypy are released in higher yields with
minimal structural rearrangement in comparison with
traditional analytical pyrolysis methods such as pyrolysis–
gas chromatography–mass spectrometry (Love et al.,
1997), with the advantage that it should be possible to iden-
tify and characterise the non-BChypy fraction of charcoal
samples at a molecular level (Ascough et al., 2010). In con-
trast with normal pyrolysis conditions, the combination of
high-pressure hydrogen and the Mo catalyst suppresses
both BC formation and, for BC that is present, aromatic
ring growth. Further, the relatively high sweep gas velocity
used in fixed-bed reactors and the small particle size of
material analysed, means that conversion is not limited by
mass transfer effects.
In the present study the results of hypy BC isolation
were compared with those obtained in the ring trial. Addi-
tionally, BC values were obtained for the ring trial samples
using dichromate oxidation, one of the most widespread
methods in use for BC quantification to date, for direct
comparison with values obtained by hypy. The results of
dichromate oxidation presented in Hammes et al. (2007) ex-
hibit considerable variation, reflecting the susceptibility of
acidified dichromate oxidations to laboratory-specific vari-
ations in methodology (De Leenheer and Van Hove, 1958;
De Vos et al., 2007). Consequently, to enable a more accu-
rate comparison of the two methods we also exposed the 12
reference materials to a single standardized dichromate oxi-
dation procedure, thereby minimizing the variation in the
dataset.
2. METHODS
2.1. Reference materials
Detailed descriptions have been previously published for
the 12 reference materials used in this study as listed in
Table 2 (Hammes et al., 2007). Briefly they comprise five
BC-containing environmental matrices, three laboratory-
produced BC-rich materials, and four BC-free potentially
interfering materials. The samples were obtained as fine
powders from the sources recommended by the Black Car-
bon Ring Trial Steering Committee (2011), with no further
mechanical processing required. Although sieved to a smal-
ler grain size, the urban aerosol sample used here (1649b) is
composed of the same material (SRM 1649a) as used in the
ring trial (National Institute of Standards and Technology,
2007, 2009). In addition to BC quantification, the only fur-
ther analysis of the samples required was the characterisa-
tion of the maceral composition of the lignite, in order to
identify the presence of ancient pyrogenic BC in the form
of inertinite (Vorres, 1990).
2.2. Hydropyrolysis
Hydropyrolysis (hypy) tests were performed using the
procedure described by Ascough et al. (2009). The sampleswere first loaded with the Mo catalyst using an aqueous/
methanol solution of ammonium dioxydithiomolybdate
[(NH4)2MoO2S2], and placed within shortened borosilicate
pipette ends (20 mm long) plugged at each end with pre-
cleaned quartz wool (Fig. 1). The samples were pyrolysed
with resistive heating from 50 to 250 C at 300 C min1,
and then from 250 C to the final temperature at
8 C min1 (25 C increments from 450 to 575 C and then
to a final temperature of 595 C), then held for 2 min, under
a hydrogen pressure of 150 bar. A hydrogen sweep gas flow
of 5 L min1, measured at ambient temperature and pres-
sure, ensured that the products were quickly removed from
the reactor for subsequent trapping on dry ice cooled silica
(Meredith et al., 2004). Three replicate tests with a final
temperature of 550 C were performed on all samples to
assess the reproducibility of the hypy technique for BC
isolation.
The catalyst loading for the soils and marine sediment
was 5% by weight, for all other samples except the DOM
it was at 10% by weight. The water solubility of the
DOM precluded conventional catalyst loading; instead for
each temperature an aliquot (15 mg) was dissolved in meth-
anol, adsorbed to 100 mg of the catalyst and dried in a vac-
uum oven at 60 C for 1 h. Placing each sample in a
borosilicate glass reactor insert secured at the top and
bottom with quartz wool allowed for the accurate weight
loss during pyrolysis of each sample to be determined.
For the sample of Green River shale, inorganic carbonate
(3.2%, Gladney and Roelandts, 1988), was removed prior
to catalyst loading by exposing 50 mg aliquots to 1.5 mL
1 M HCl overnight (Hedges and Stern, 1984).
2.3. Dichromate oxidation
Acidified dichromate oxidations were performed after
Bird and Gro¨cke (1997), using 50 mL polypropylene centri-
fuge tubes. Aliquots of the reference materials (100 mg for
soils and sediments and 30–50 mg for all other samples),
decarbonated as above, were mixed with 20 mL of acidified
dichromate solution (0.1 M potassium dichromate, 2 M sul-
phuric acid) and maintained at 60 C in an orbital incuba-
tor shaker (KS4000i, IKA, Staufen, Germany) for 1, 2, 3 or
7 days. For incubation at 60 C, these exposure times corre-
spond with the dichromate oxidation degree-hours used in
the four laboratories participating in the ring trial (Hammes
et al., 2007). Tubes were wrapped in aluminium foil to re-
duce the effects of static electricity during open handling
operations with dry samples. To minimize the number of
washing steps, and hence sample loss, the samples were
not pre-treated before oxidation. No significant decolouri-
zation (i.e. transition from orange to green) of the oxidizing
solution occurred during incubations so no replacement of
exhausted oxidizing solution was required. On termination
of incubation the tubes were cooled to room temperature
and 10 mL methanol (HPLC grade) added before sample
recovery by centrifugation 1600g, 10 min (Grossman and
Ghosh, 2009). Methanol was used to promote sample
sedimentation by reducing both the density and the polarity
of the acidified dichromate solution. After removal of
the supernatant the samples were washed twice by
Fig. 1. Schematic representation of the hydropyrolysis apparatus.
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re-suspended in 5 mL deionized water and stored at
20 C prior to freeze-drying and subsequent elemental
analysis.
2.4. Black carbon quantification
The BChypy content of each sample was derived by com-
paring the organic carbon (OC) content of the catalyst
loaded samples prior to hypy with those of their hypy res-
idues (Eq. (1)). Elemental analyses were performed in dupli-
cate on a Thermo Scientific 1112 Flash EA.
BChypyðBC=OC%Þ ¼Residual OC ðmg C in hypy residue including spent catalystÞ
Initial OC ðmg C in sample including catalystÞ
 100
ð1Þ
For the dichromate residues, the total organic carbon
(TOC) contents were determined by dry combustion of
decarbonated sub-samples (Nelson and Sommers, 1996)
using a Costech elemental analyser (EA) (Milan, Italy) fit-
ted with a zero-blank auto-sampler, and the BC content
of each reference material was calculated by mass balance.2.5. Maceral analysis
Since the inertinite content of the Beulah Zap lignite was
not available, an aliquot of this coal was set into thermo-
plastic resin using a STRUERS Labopress-3 mounting
press. The resultant mount was polished using STRUERS
Rotopol-Pedemat equipment, and analysed with a LEITZ
Ortholux II-Pol BK reflected light microscope. A 50 oil
immersion lens was used together with a 10 binocular eye-
piece (500 overall magnification). The macerals present at
500 points were recorded using a SWIFT automatic point
counter, and converted to a percentage of the total sample.
3. RESULTS AND DISCUSSION
3.1. Environmental matrices
3.1.1. Soils (Vertisol and Chernozem)
The two soils were selected for the ring trial to assess the
BC detection efficacy of different methods in soils with high
(Vertisol) and low (Chernozem) clay contents (Hammes
et al., 2007). The carbon loss for both soils over the
Fig. 2. Black carbon (BC) as proportion of organic carbon (OC) as
measured for the residues of the environmental matrices after hypy
at different temperatures.
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BChypy) carbon from the soil organic matter (Fig. 2). This is
consistent with observed conversions of lignocellulosic
material and humic acids to volatile products between 450
and 550 C (Rocha et al., 1999; Ascough et al., 2010).
The subsequent plateau in remaining carbon content be-
tween 550 and 575 C represents a zone of apparent thermal
stability when non-BChypy organic matter (e.g. lignocellu-
losic material, humic acids, proteins and lipids), together
with relatively labile pyrogenic carbon has been removed,
and the residual carbon represents the sample BChypy
content, that is the portion of the BC continuum which is
stable under hypy conditions. At 595 C, following theFig. 3. Comparison between BC determination by hypy and dichromate
BC ring trial (data from Fig. 2 in Hammes et al., 2007). Error bars repreplateau phase, significant further loss of carbon occurs,
via hydrogasification to yield predominately methane (Li
et al., 1996; Ascough et al., 2009).
The BChypy (at 550 C) content of these samples (BC/
OC) is 19.0% (±0.3%; mean ± 1r) for the Vertisol and
15.2% (±0.5%) for the Chernozem. These values are within
the range of BC contents reported by Hammes et al. (2007)
(Fig. 3), although they are greater than those from both
other thermal methods (e.g. CTO-375; METSA), and the
results of our 7-day dichromate oxidations, Vertisol 3.6%
(±0.4%) and Chernozem 7.0% (±0.3%). The dichromate
oxidation results from this study are consistent with those
of the ring trial (Vertisol 3.5–19.4%; Chernozem 3.8–
11.7%), in which the large variation was attributed to
different oxidation times employed across participating lab-
oratories (Hammes et al., 2007). The BChypy values are low-
er than those obtained by TOT/R and TG–DSC, methods
that Hammes et al. (2007) suggested may overestimate the
BC content in soils due to the inefficient removal of interfer-
ing matrices such as carbonates (Currie et al., 2002) and
clays (Plante et al., 2005). The very close concordance in
the trend of residual OC content with increasing tempera-
ture apparent for the two soils with contrasting clay and
TOC contents, suggests that hypy is able to isolate a
constant BChypy fraction from soils exhibiting a range of
textures.
3.1.2. Marine sediment
This sample from Baltimore Harbour is thought to rep-
resent BC present dominantly as soot in a fine sedimentary
matrix (Hammes et al., 2007). Much of the organic matter
in the sample is found to be very labile, with 36.9% of the
OC remaining at 450 C. With an increase in temperature
there is minor continued degradation, before a plateau in
the residual OC content is reached between 550 andoxidation superimposed on the range of BC values reported in the
sent 1 standard deviation from triplicate analysis (see Section 3.4).
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595 C (Fig. 2). The BChypy content of this sample at
550 C (27.9% ± 0.1%) is in the centre of the ring trial range
(Fig. 3). This value is similar to that of our dichromate oxi-
dation (31.0% ± 1.2%), although lower than the ring trial
dichromate results, and the TG–DSC (100%) and UV
(49.4%). These methods have previously been suggested to
overestimate BC in the marine sediment due to interfering
matrix effects, although these higher values may also reveal
the presence of BC with less condensed structures (Hammes
et al., 2007). In common with CTO-375, the BChypy value
for the marine sediment is significantly greater than that
found for the two soils, probably due to a greater abun-
dance of highly condensed soot-derived material in the
sediment (Hammes et al., 2007).
3.1.3. Aerosol
The OC content of BC soot in an aerosol matrix (SRM
1649b) is dominated by a very labile phase, with approxi-
mately 70% of the initial OC removed by hypy at tempera-
tures below 450 C. The remaining 30% carbon
(predominantly BC) appeared to be largely very stable, with
only minimal further degradation below 595 C. The high
stability of this fraction may be due to a high proportion
of condensed soot-like BC material present in this sample,
as identified in previous studies (Currie et al., 2002; Ham-
mes et al., 2007). At 550 C, BChypy was 27.9% (±0.6%),
in the centre of the range reported by Hammes et al.
(2007) (Fig. 3), and the intercomparison study of Currie
et al. (2002), which reported a range of BC contents for this
sample from 6.9% to 52.0%. The BChypy value is higher
than methods CTO-375 and BPCA, and again much lower
than for TG–DSC. The hypy results are more comparable
with those reported for methods TOT/R and UV (and
MESTA, Hsieh and Bugna, 2008), which suggests that in
common with these methods hypy is able to detect a
relatively wide range of aromatic structures as BC (when
compared to CTO-375), while being less susceptible to the
methodological matrix artifacts identified by Currie et al.
(2002). The dichromate oxidation result from this study
(11.8% ± 0.9%) is significantly lower than those reported
during the ring trial (Hammes et al., 2007), and may be
due to losses encountered due to sample handing.
The hypy results suggest that marine sediments and ur-
ban aerosols from highly industrialised environments exhi-
bit relatively high BChypy contents, thought to be
dominated by very refractory soot-BC derived from fossil
fuel burning. The soils from agricultural environments have
much lower BChypy contents, where a higher relative abun-
dance of less condensed, more labile BC (ring size <7),
derived from comparatively low temperature vegetation
burning, may be under-detected by this method.
3.1.4. Dissolved organic matter
This sample of riverine DOM was included in the ring
trial due to the possibility that it may contain a small
amount of soluble condensed aromatic structures (Hammes
et al., 2007). Due to its soluble nature this sample had to be
mixed with the catalyst by a different method than the other
reference materials, and in addition hypy was performed in50 C increments rather than 25 C. As expected, the DOM
sample is extremely labile under hypy conditions, with 87%
of the carbon converted to volatile products by 450 C.
With increasing temperature, while most of the remaining
carbon becomes labile there is small but significant portion
which is stable at 550 C, and so is defined here as BChypy
(3.7%). This carbonaceous fraction does not undergo any
significant degradation between 550 and 595 C (3.6%
remaining), indicating that it is very stable.
While most of the ring trial methods reported zero BC
for this sample (as is inevitable for those methods which de-
fine BC as being insoluble e.g. dichromate and UV oxida-
tion) the occurrence of a small amount of BC within
DOM is certainly possible, with recent studies identifying
BC-like highly condensed aromatic ring structures (CARS)
in soil and riverine DOM (Kim et al., 2004; Hockaday
et al., 2006). Such CARS found within DOM have been
shown to be derived from pyrogenic sources (Hockaday
et al., 2007; Hilscher and Knicker, 2011), and so dissolved
BC may be an important transport mechanism for BC from
rivers to marine sediments (Sleighter and Hatcher, 2008;
Stubbins et al., 2010). The BC-like CARS are thought to
be solubilised due to the presence of multiple carboxyl
groups providing polarity sufficient to overcome the hydro-
phobicity of aromatic domains (Hockaday et al., 2006).
Under hypy conditions it would be expected that such func-
tionalised CARS would be hydrogenated and reduced to
their corresponding hydrocarbons (Sephton et al., 2005;
Meredith et al., 2006), with those of relatively small size
(e.g. 7 peri-condensed rings or fewer, with up to 24 carbon
atoms) volatilised to form part of the hypy product (As-
cough et al., 2010), and the larger ring clusters remaining
in the hypy residue forming the minor residual BChypy
apparent for this sample.
The only ring trial method to report a positive BC value
for this sample was BPCA, which gave a very similar value
(4.5%, Hammes et al., 2007) to that found by hypy. BPCA
is well suited to identifying BC components in solution, and
has recently been used to report significant BC components
in riverine and marine DOM (Dittmar, 2008; Ziolkowski
and Druffel, 2010), and to demonstrate the solubilisation
of aged pyrogenic chars (Abiven et al., 2011).
3.2. Laboratory produced BC-rich materials
3.2.1. Chars (grass and wood)
The wood and grass chars, produced at 450 C in an in-
ert nitrogen atmosphere (Hammes et al., 2006) were in-
cluded in the ring trial to assess the effect of starting
material upon BC detected by the various methods (Ham-
mes et al., 2007). The chars have been characterised in
detail by Hammes et al. (2006), and while the atomic H/C
and O/C ratios of the two chars are almost identical, the
wood char has a higher TOC (71.9%) and lower nitrogen
content (1.6%) than the grass char (57.4% and 12.4%
respectively), and also a much lower ash content (wood
char 0.5%; grass char 19.2%, Hammes et al., 2006).
The wood char is significantly more stable during hypy
with a greater residual OC content than the grass char
at all temperatures (Fig. 4). Increasing degradation is
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up to 595 C, and so unlike the environmental samples, a
distinct plateau region is not reached, although the carbon
loss between 575 and 595 C is relatively small. This may be
due to the BC present in the environmental samples having
been subject to degradation in the natural environment
which will have removed the smaller, more labile aromatic
structures, as observed by Hockaday et al. (2006) for a fire-
impacted forest soil. In contrast, the modern charcoals are
likely to contain a continuum of bound polycyclic aromatic
hydrocarbons (PAH), with those of up to ca. 7 peri-con-
densed rings (24 carbon atoms) likely to be progressively
stripped off with increasing temperature, with coronene
previously shown to be the largest PAH cleaved from char-
coals under hypy conditions (Ascough et al., 2010). In addi-
tion, the plateau may not be observed because the BChypy
contents are higher than for the environmental samples,
and the proportion of labile organic matter lower. Clearly,
an important issue is what point to select for measuring the
BChypy content. If a temperature of 550 C were used for
BC determination on the basis of results for the environ-
mental samples (Section 3.1), the BChypy content of the
wood char would be 46.6% (±1.4%), and the grass char
22.5% (±0.9%). The lack of a zone of thermal stability
between 550 and 575 C across which to measure the BC
content introduces a degree of uncertainty that was not
apparent for the environmental samples. Therefore, rather
than defining the proportion of the OC remaining in the
hypy residue at 550 C, it may be more appropriate to
quote the range in BC/OC values as measured from 550
to 575 C, which for the wood char is 39.1–46.6%, and
for the grass char 19.8–22.5%. The extent of carbon loss
decreases for both the wood and the grass chars above
575 C and this could represent the onset of hydrogasifica-
tion to methane.
The greater BChypy content of wood char, over that de-
rived from grass is consistent with the previously observed
greater degree of aromatic condensation in this sample
(based on 13C NMR analysis cross polarisation observabil-Fig. 4. Black carbon (BC) as proportion of organic carbon (OC) as
measured for the residues of the laboratory produced BC-rich
materials after hypy at different temperatures.ity; Hammes et al., 2008). All ring trial methods also re-
ported greater BC content for the wood than the grass
char, except CTO-375 and NaClO which both reported
zero BC in the wood char and low BC contents (<11%)
for the grass char, which was thought to reflect carbon
trapped within silica phytoliths in the grass char (e.g. Krull
et al., 2003), that was protected under the aggressive re-
gimes of these methods (Hammes et al., 2007).
The relatively low BChypy contents of the wood and
grass chars (when determined at 550–575 C) are to be ex-
pected given that the temperature of formation for these
samples was only 450 C, which may have allowed for
products of the incomplete thermal degradation of cellulose
and lignin to be preserved in the initial char (Hammes et al.,
2007). In terms of the aromatic ring size distribution that is
preserved in the BC-residue under hypy conditions, As-
cough et al. (2010) showed the 7 peri-condensed ring com-
pound coronene, with 24 carbon atoms to be the largest
PAH present in the non-BChypy fraction cleaved from a
variety of charcoals. This is larger than the average cluster
size of 3 rings found by Sun et al. (2012) for chars generated
at 450 C, and the same as the maximum size of condensed
aromatic domains found by McBeath et al. (2011) in bioch-
ars produced at 500 C. Therefore, it can be assumed that
char-BC generated at a temperature of 450 C will have
an aromatic structure that is not sufficiently condensed to
be entirely captured in the analytical window of hypy.
However, while somewhat limited to the more condensed
and refractory portion of the BC continuum, hypy, unlike
some other more aggressive methods (e.g. CTO-375 and
NaClO), does appear able to preserve a considerable portion
of the BC present in these samples, especially for the wood
char, which were formed at a temperature (450 C), that is
broadly representative of natural fires (e.g. Turney et al.,
2006). It would be expected that chars formed at higher tem-
peratures, such as encountered in scrubland fires (e.g. 700–
1000 C, Schmidt and Noack, 2000) would be more resistant
to degradation under hypy conditions, with McBeath et al.
(2011) finding aromatic structures larger than 19 rings abun-
dant in charcoals produces at over 700 C. This would result
in greater measured BChypy values, as observed by Nguyen
et al. (2004) for the determination of BC in high temperature
chars (1000 C) by CTO-375, and Schneider et al. (2010) for
a thermosequence of biochars produced between 200 and
700 C with BPCA analysis.
The remaining ring trial methods (K2Cr2O7, TOT/R,
TG–DSC, UV) all reported high, but variable BC contents
for both chars (Hammes et al., 2007), as found with dichro-
mate oxidation in this study for the wood char
(64.9% ± 2.8%), although the result for the grass char was
anomalously low (8.9% ± 1.2%).
3.2.2. n-Hexane soot
This sample, which represents BC produced in the gas
phase from an inefficiently combusted open hexane flame,
has a very high carbon content (92.9%), surface area
(73.9 m2 g1, Hammes et al., 2007), and has been character-
ised in detail elsewhere (e.g. Akhter et al., 1985; Smith and
Chughtai, 1995). Under hypy conditions the n-hexane soot
is very stable with only 10% labile carbon removal below
Fig. 5. Black carbon (BC) as proportion of organic carbon (OC) as
measured for the residues of the potentially interfering materials
after hypy at different temperatures.
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575 C of 80.0–82.6%, and no further carbon loss observed
at 595 C (80.8%). All ring trial methods reported a BC
content of >50% for this sample except CTO-375 and
BPCA (Hammes et al., 2007). In common with hypy, meth-
ods TOT/R, TG–DSC and UV reported a BC content of
>80%, with such high values thought to reflect the high
thermal and chemical resistance of this sample (Hammes
et al., 2007). The MESTA method also reported >80%
BC, with the small proportion of non-BC material detected
in this sample ascribed to partially oxidised carbon (Hsieh
and Bugna, 2008). Significant apparent oxidation of this
sample occurred during K2Cr2O7 oxidation (BC/
OC = 39.2%), with relatively large errors (±1.8%), which
was attributed to sample handling problems associated with
the hydrophobic nature of the sample (Elmquist et al.,
2004).
The much greater BChypy content for the n-hexane soot
compared with the wood and grass chars shows that hypy
discriminates against labile char-BC relative to more refrac-
tory soot-BC, as suggested by the results from the environ-
mental matrices. The greater stability of the soot under
hypy conditions is probably related to its more condensed
structure as reflected by its lower H/C and O/C atomic ra-
tios (Hammes et al., 2008), which will also result in the soot
having a lesser hydrogasification reactivity as shown by the
absence of significant carbon loss between 575 and 595 C.
The lower stability of char-BC relative to soot-BC as deter-
mined by CTO-375 has been ascribed to the greater density
of heteroatoms, lower aromaticity, and the greater internal
microporosity, due to the lower formation temperature of
char-BC (Elmquist et al., 2006).
3.3. Potentially interfering materials
3.3.1. Melanoidin
The melanoidin (residue formed from the reaction of
urea with glucose) was included in the study to act as a neg-
ative control, i.e. as a sample that contains no material pro-
duced by combustion (Hammes et al., 2007). All ring trial
methods except TOT/R reported a near zero BC content
for the melanoidin, although in CTO-375 charring of the
melanoidin during heating was thought to result in a posi-
tive BC determination bias of 2.4% (BC/OC) (Hammes
et al., 2007). Under hypy conditions the weight loss of mel-
anoidin has been shown to be 100% at 525 C (Ascough
et al., 2010), although the presence of the spent catalyst
allows for the detection of any melanoidin derived carbon
in the hypy residues. At 450 C the residue contained
5.3% of the starting melanoidin carbon, while this was re-
duced to just a trace, <0.3%, at temperatures of 550 C
and above (Fig. 5). The standard deviation of the duplicate
analysis of all samples on the elemental analyser averaged
at 0.5, and so to reflect this uncertainty it would be appro-
priate to quote the BC content of this sample as <1%.
3.3.2. Green River shale
This carbon-rich shale is thought to contain chemically
resistant non-pyrogenic carbon (Hammes et al., 2007).
Due to its low thermal maturity (Bishop et al., 1998), thecarbon present in this sample is predominantly very labile
during hypy, with only 6.9% of the initial OC remaining
at 450 C. As shown in Fig. 5 this small amount of residual
carbon rapidly degraded with increasing temperature, with
near complete conversion apparent by 550 C, resulting in a
trace BChypy value (BC/OC = 0.3%) determined at this
temperature.
A number of the ring trial methods such as TG–DSC
and K2Cr2O7 oxidation were observed to significantly
over-estimate the BC content of this sample (Hammes
et al., 2007), by quantifying chemically recalcitrant carbon,
such as the fused aromatic structures known to be present
in the sample (Trewhella et al., 1986) as BC. Ineffective re-
moval of non-BC material from this sample was apparent
in our K2Cr2O7 oxidation analysis, which gave a BC
content of 5.7% (±1.4%), in which the positive bias is partly
ascribed to methodological issues arising from the hydro-
phobicity of the sample.
3.3.3. Beulah Zap lignite
This immature, relatively low carbon lignite was selected
in the ring trial to differentiate coal from pyrogenic BC
(Hammes et al., 2007). Previous studies using hypy on the
behaviour of immature kerogens such as oil shales have
shown conversions approaching 100% for thermally labile
material (Roberts et al., 1995; Love et al., 1995). Under
hypy conditions this lignite was thermally very labile, with
only 18.1% of the initial OC remaining at 450 C, and as
shown in Fig. 5 rapid further degradation occurred
thereafter with increasing temperature. However carbon
conversion was not total, resulting in a BChypy content
determined at 550 C of 4.2% (±0.6%). This residual carbon
appeared to be very stable with no significant further degra-
dation between 550 and 595 C. A likely source of this BC is
inertinite from ancient fire occurrences incorporated during
deposition (Scott, 2000; Dickens et al., 2004). The inertinite
content was determined to be 16.8% (Table 3), which is
Table 3
Vitrinite reflectance (VRr) and maceral analysis data of the coal samples.
Coal VRr (%) Maceral (vol.%)
Vitrinite Liptinite Inertinite
Semi-fusinite Fusinite
Lignitea 0.25c 80.4 2.0 11.2 5.6
Bituminousb 1.68c 89 1 10
a Data from this study, remaining 0.8% as pyrite.
b Data from Hower et al. (1995).
c Data from Busch et al. (2003).
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ever, of this total inertinite, 11.2% was found to be semi-
fusinite, while only 5.6% was characterised as fusinite.
Therefore, it appears the BChypy content correlates extre-
mely closely with the fusinite content. It is widely accepted
that many classes of inertinite, especially fusinites and semi-
fusinites, have a pyrogenic origin (e.g. Scott, 1989), with
fusinites defined as having a reflectance >2% and a temper-
ature of formation of >400 C (Scott, 2000). The higher
temperature of formation of fusinite relative to semi-
fusinite, and a consequent more condensed aromatic struc-
ture (Guo and Bustin, 1998) leads to greater stability under
hypy conditions, and the apparent correlation between
BChypy and fusinite content in this sample.
As with the Green River shale, the BChypy content for
this sample as determined by hypy was very much towards
the lower end of those from the BC ring trial, in which the
NaClO-based method was in very close agreement (5%
BC), and the more aggressive CTO-375 method reported
1% BC. The greater BC contents measured by the other ring
trial methods suggested that they over-estimated the BC
content of this sample (Hammes et al., 2007).
3.3.4. Bituminous coal
This high rank, low-volatile bituminous coal while com-
posed predominantly of vitrinite (89%), (Table 3) has an
inertinite content of 10% (Vorres, 1990; Hower et al.,
1995). The carbon content of this coal was very recalcitrant,
with a significant amount remaining after hypy at 550 C
(Fig. 5). Therefore, this was the only potentially interfering
sample that gave a significant positive BChypy content
(46.0% ± 0.9%), meaning there is a significant contribution
from the pyrolysed vitrinite. A high BC content for this
sample was reported for all methods in the ring trial with
the exception of CTO-375 and BPCA, with many methods
reporting that most of carbon in this sample was found to
be BC (Hammes et al., 2007). This sample was also very
resistant to K2Cr2O7 oxidation, with 68.2% (±2.0%) of
the initial OC remaining after 7 days of treatment.
Clearly, this sample demonstrates the difficulty of distin-
guishing modern “fire derived” BC from mature coals
where the aromatic structure in terms of condensation over-
laps with that of pyrogenic BC to a significant degree. This
is highlighted by the fact those ring trial methods that did
report a low value for this coal, CTO-375 and BPCA also
reported relatively low values for the n-hexane soot,
suggesting that these methods identify only a very limitedpart of the BC continuum as BC. In contrast, hypy appears
to identify a greater range of condensed aromatic structures
as BChypy as is discussed further in Section 3.6.
3.4. Reproducibility of hypy BC data
In order to assess the reproducibility of the BC determi-
nation by hypy each sample was analysed in triplicate at
550 C. The replicate data (Table 4) shows a reproducibility
of ± 2% (mean ± 1r) across all samples. Provided the sam-
ple is well homogenized prior to treatment, a consistently
high degree of measurement precision can be achieved by
using hypy to remove the same (non-BChypy) components
from a wide range of sample types. As the temperature of
hypy is so well constrained, typically ±2 C at 550 C, the
variability in carbon degradation should be minor, there-
fore this error is most likely due to errors associated with
the analytical balance and the reproducibility of the
elemental analyser. As noted in Section 3.3.1 the standard
deviation of the duplicate analysis of all samples on the ele-
mental analyser averaged at 0.5. Therefore, for samples
such as the melanoidin and Green River shale, which have
near-zero BC contents, it is appropriate to quantify the BC/
OC as <1%.
The errors associated with the dichromate oxidation
(Table 5) were greater than those for the hypy, largely
due to sample handling problems that were especially
apparent with samples of a hydrophobic nature.
As described in Section 3 the degradation of the carbon
fraction in the three BC-rich materials and the bituminous
coal between 550 and 575 C introduces a degree of uncer-
tainty in the BC determination of these samples. This is
illustrated in Table 6 and demonstrates that with the excep-
tion of these four carbon-rich samples the only other
sample for which this uncertainty is greater than 0.5% is
the urban aerosol (1.7%). While it would be possible to
undertake hypy at both 550 and 575 C in order to quantify
this degree of uncertainty, in practice we would envisage
using only a single temperature of 550 C.
3.5. Advantages and limitations of hypy for BC quantification
Hypy-derived BC values are generally lower than those
from methods such as TOT/R and TG–DSC, which are
known to be prone to overestimate BC due to matrix
effects, especially among the environmental matrices
(Schmidt et al., 2001; Lopez-Capel et al., 2005; Hammes
Table 4
Replicate analysis for BChypy determination (BC/OC%) by hypy at 550 C.
Replicate Aerosol Chernozem Vertisol Marine
sediment
DOM Wood
char
Grass
char
n-Hexane
soot
Lignite
coal
Bituminous
coal
Green River
shale
Melanoidin
550 C A 28.3 15.6 19.3 27.9 3.4 45.0 22.6 82.0 3.7 45.1 0.2 0.4
550 C B 28.1 15.4 19.0 27.8 3.2 47.6 23.4 80.9 4.8 45.9 0.3 0.2
550 C C 27.2 14.7 18.7 28.0 3.5 47.3 21.6 84.8 4.3 47.0 0.3 0.5
Average 27.9 15.2 19.0 27.9 3.7 46.6 22.5 82.6 4.2 46.0 0.3 0.4
±1r 0.6 0.5 0.3 0.1 0.7 1.4 0.9 2.0 0.6 0.9 0.1 0.1
Table 5
Replicate analysis for BC determination (BC/OC%) by dichromate oxidation for 7 days.
Replicate Aerosol Chernozem Vertisol Marine
sediment
DOMa Wood
char
Grass char n-Hexane
soot
Lignite
coal
Bituminous
coal
Green River
shale
Melanoidin
7 day A 32.3 6.7 3.4 12.9 – 64.1 8.4 39.9 0.2 70.5 5.9 0.0
7 day B 30.0 8.0 4.1 11.1 – 62.6 8.1 37.1 2.4 67.5 4.7 0.0
7 day C 30.7 6.5 3.3 11.5 – 67.9 10.2 40.5 1.8 66.6 6.4 0.0
Average 31.0 7.1 3.6 11.8 – 64.9 8.9 39.2 1.5 68.2 5.7 0.0
±1r 1.2 0.8 0.4 0.9 – 2.8 1.2 1.8 1.2 2.0 0.9 0.0
a Not measured by dichromate oxidation as zero value inevitable due to sample solubility.
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oratory produced chars in contrast to the more aggressively
harsh oxidation methods CTO-375, NaClO and MESTA
(Hammes et al., 2007; Hsieh and Bugna, 2008), although
the BChypy values reported for the chars were much lower
than for the n-hexane soot, suggesting hypy under-detects
BC with a relatively low degree of aromatic condensation.
The hypy values are however significantly higher than those
reported by CTO-375 for all of the environmental matrices,
suggesting that hypy isolates a wider, more representative
portion of the BC continuum as a whole, rather than being
limited to just the most condensed forms of BC (Hammes
et al., 2007).
There is no evidence of significant charring causing an
overestimation of BC by hypy with near-zero BChypy values
reported for melanoidin and the Green River shale, while
the positive values for the two coals reflect the inertinite
(ancient BC) content of the lignite, and the chemical simi-
larity between high maturity coals and BC for the bitumi-
nous coal. BChypy determinations appear to be largely
matrix independent (although pre-treatment is required
for carbonate-rich samples), and together with previous
studies showing complete conversion of lignocellulosic
material (Rocha et al., 1999; Ascough et al., 2010) gives
confidence that the BChypy values reported for the environ-
mental samples do not show significant positive bias. The
BChypy results are very similar to those from the UV
photo-oxidation method for those samples rich in refrac-
tory soot-like BC such as the aerosol and n-hexane soot,
and in common with the CTO-375 method hypy is able
to discriminate between these, and samples with more labile
char-BC contents derived from vegetation burning such as
the two agricultural soils (Hammes et al., 2007). In addi-
tion, the BChypy values are noticeably lower than those
from UV photo-oxidation for the chars, soils, and the inter-
fering materials. This is consistent with previous results that
suggest the “gentler” oxidative regime of UV photo-oxida-
tion may result in methodological artifacts so overestimat-
ing the amount of BC in comparison with other methods,
such as K2Cr2O7 and NaClO oxidation (Simpson and
Hatcher, 2004b; Hammes et al., 2007).
As no sample pre-treatment, with the exception of cata-
lyst loading and decarbonation is required prior to hypy,
BC determinations are not subject to losses during wet solu-
tion handling as previously described for methods such as
CTO-375 (e.g. Elmquist et al., 2004), and evident in the re-
sults of dichromate oxidation in this study for samples such
as the aerosol and n-hexane soot.
In addition to the isolation of a BC fraction, hypy also
provides a means for the characterisation of the non-BChypy
fraction of carbonaceous samples as described by Ascough
et al. (2010). While the non-BChypy fraction from soils are
likely to be dominated by the well documented products
of decomposition of labile organic matter such as lignocel-
lulosic material and humic acids, the analysis of products
from samples such as biochars provide a means to charac-
terise these materials with better preservation than typically
encountered with more traditional pyrolytic methods.
The absence of a universally recognised structural defini-
tion of BC means that, hypy, in common with all other
Table 7
Elemental analysis of the chars, soot, bituminous coal and their hypy residues.
Sample Fresh materiala 550 C Hypy residue
C (%) H (%) O (%) Ash (%) C (%) H (%) O (%) Weight loss (%) Ash (%) Spent catalyst (%)
Wood char 68.2 4.0 27.1 0.5 80.2 3.0 1.5 62.6 1.2 17.4
Grass char 58.6 3.5 22.7 19.2 34.0 1.4 20.6 65.2 49.7 18.7
n-Hexane soot 89.8 1.4 8.5 3.5 84.6 1.1 2.5 21.9 4.0 8.3
Bituminous coal 91.0 4.4 2.0 4.7 73.6 2.8 5.1 50.8 8.7 13.2
a Data for chars from Hammes et al. (2006); soot from Akhter et al. (1985) and coal from Vorres (1990).
Fig. 6. Van Krevelen diagram showing the atomic ratios of the
chars, soot, bituminous coal (closed symbols) and their hypy
residues (open symbols). O/C values corrected for ash content of
hypy residues.
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Furthermore, as some carbonaceous material, especially
high rank coals, contain large aromatic ring clusters that
are chemically indistinguishable from highly condensed
BC, it is clear that hypy, again in common with the other
methodologies will not be able to isolate pyrogenic-derived
BC from highly mature sedimentary organic matter. In
addition, due to the requirement for mixing catalyst with
the samples via solution it is clear that hypy is not ideal
for analysing water soluble material, although high conver-
sions were obtained for the DOM sample after methodolog-
ical modification, other methods, especially BPCA appear
be to more suitable for identifying BC components in solu-
tion (Hammes et al., 2007).
3.6. Composition and characteristics of the BC fraction
isolated by hypy
In addition to quantifying the amount of BC in each
sample by operationally defining BChypy to be that fraction
which is stable under specific conditions (550 C, 150 bar
H2), it is beneficial to characterise the isolated BChypy frac-
tion to identify what part of the BC continuum is being de-
fined as BC. Elemental analyses of the hypy residues from
the BC-rich materials and the bituminous coal are listed
in Table 7, with the atomic ratios of the starting materials
and residues plotted on a Van Krevelen diagram (Fig. 6).
As expected, hypy is shown to reduce the atomic H/C ratio
of the residues, especially those of the wood and grass
chars, to a maximum of 0.5. The n-hexane soot is less af-
fected due to its inherent high aromaticity. This diagram
also emphasises the chemical similarity of the bituminous
coal to BC, and hence the difficulty in distinguishing mod-
ern “fire-derived” BC from highly aromatic high rank coals,
with the H/C ratio of the coal hypy residue being identical
to that of the wood char residue.
The aromaticity of the BChypy fraction inferred from an
H/C ratio of <0.5 (i.e. >7 peri-condensed ring PAHs, with
up to 24 carbon atoms) is consistent with the non-BChypy
products composed of <7 ring PAHs, generated by hypy
for 5 archaeological charcoals as described by Ascough
et al. (2010). It would be assumed that the non-BChypy frac-
tion of these samples will show a similar distribution of
PAHs and be restricted in aromatic cluster size to 7 and
fewer. The cleavage of small, pyrogenic PAHs from the
macromolecular structure of BC by hypy will inevitably
lead to the under-detection of BC from samples with a rel-
atively low degree of aromatic condensation, such as low
temperature chars. Pyrogenic PAHs with <7 rings howeverhave been found as the degradation products of BC in soils,
rivers and marine systems (Dittmar and Koch, 2006; Hock-
aday et al., 2006, 2007). Therefore, the BChypy fraction,
composed as it is of more highly condensed aromatic clus-
ters is likely to be less susceptible to degradation, and so
more recalcitrant in the environment than the total BC frac-
tion of soils and sediments.
The O/C atomic ratios of the hypy residues are compli-
cated by the oxygen content of the ash present in the sam-
ples. This is most apparent for the grass char, reported to
contain 19.2% ash (Hammes et al., 2008), and the bitumi-
nous coal with 4.7% ash (Vorres, 1990). Assuming that
the ash is unaffected by the hypy procedure, and allowing
for the weight loss apparent at 550 C (Table 7), the resi-
dues of these samples will contain approximately 50% and
10% ash, respectively. Most of the oxygen present in the
residue is likely to be associated with the ash, especially
the silica-containing phytoliths present in the grass char
(Hammes et al., 2007), and alumino-silicate minerals in
the bituminous coal (Vorres, 1990). By assuming that the
carbon and hydrogen are associated with the non-ash
144 W. Meredith et al. /Geochimica et Cosmochimica Acta 97 (2012) 131–147fraction and then by calculating the O content of the hypy
residues by difference on an ash, and spent catalyst free ba-
sis gives a maximum O content of 2% for the samples.
Therefore, as shown on Fig. 6 we can assume that the true
O/C ratios for the hypy BC samples are all <0.1. This is
consistent with the archaeological charcoals reported by
Ascough et al. (2010), who observed a reduction in the O/
C ratio from between 0.09 to 0.37 for the fresh charcoals,
to between 0.03 and 0.07 following hypy.
4. CONCLUSIONS
1. Reported BChypy values for all of the reference materials
fall within the range of BC contents reported in the ring
trial. Determinations are highly reproducible, with
strong evidence that at temperatures above 550 C
non-BC organic matter is effectively removed from soils
and sediments by hypy with minimal charring.
2. BChypy isolation appears to be largely independent of
matrix effects, with the method providing good discrim-
ination between potentially interfering materials, with
the exception of the bituminous coal, as the high rank
of this coal means the sample contains large aromatic
ring clusters that are chemically indistinguishable from
BC.
3. Hypy appears to discriminate between relatively labile
biochars reporting low BChypy values, from more refrac-
tory, high BChypy soot in pure samples, and also between
environmental samples from industrial sites with BC pre-
dominantly derived from the combustion of fossil fuels,
and agricultural sites dominated by the burning of
vegetation.
4. Previous studies (Ascough et al., 2010), have shown that
the non-BChypy fraction of charcoals contains, in addi-
tion to non-BC organic matter, pyrogenic PAHs of <7
peri-condensed rings (of up to 24 carbon atoms), cleaved
from the macromolecular char structure. Therefore hypy
can be seen to discriminate against BC with a relatively
low degree of aromatic condensation from lightly
charred samples, such as biochars produced at relatively
low temperatures.
5. Hypy does however appear able to isolate a relatively
consistent portion of the BC continuum from a wide
range of environments, which is comprised of poly-aro-
matic structures with >7 rings, and a H/C atomic ratio
of <0.5. This highly condensed aromatic fraction will
be very recalcitrant in the environment, and less suscep-
tible to degradation as observed for smaller aromatic
clusters.
ACKNOWLEDGMENTS
Funding for this research was provided by the National Envi-
ronmental Research Council (NERC) standard Grant number,
NE/F017456/1. The authors would like to thank the coordinating
members of the BC ring trial for providing some of the standard
reference materials, Mr. Dave Clift at the University of Notting-
ham for performing the maceral analysis, Dr. Kerry Sayle at
SUERC for performing carbon elemental analyses, and Dr. BarryThornton at Macaulay Scientific Consulting Limited for perform-
ing oxygen and hydrogen elemental analyses.
REFERENCES
Abiven S., Hengartner P., Schneider M. P. W., Singh N. and
Schmidt M. W. I. (2011) Pyrogenic carbon soluble fraction is
larger and more aromatic in aged charcoal than in fresh
charcoal. Soil Biol. Biochem. 43, 1615–1617.
Akhter M. S., Chughtai A. R. and Smith D. M. (1985) The
structure of hexane soot I: spectroscopic studies. Appl. Spec-
trosc. 39, 143–153.
Ascough P. L., Bird M. I., Brock F., Higham T., Meredith W.,
Snape C. E. and Vane C. H. (2009) Hydropyrolysis as a new
tool for radiocarbon pre-treatment and the quantification of
black carbon. Quat. Geochron. 4, 140–147.
Ascough P. L., Bird M. I., Meredith W., Wood R. E., Snape C. E.,
Brock F., Higham T. F. G., Large D. and Apperley D. (2010)
Hydropyrolysis: Implications for radiocarbon pre-treatment
and characterization of Black Carbon. Radiocarbon 52, 1336–
1350.
Bae M. S., Hong C. S., Kim Y. J., Han J. S., Moon K. J., Kondo
Y., Komazaki Y. and Miyazaki Y. (2007) Intercomparison of
two different thermal–optical elemental carbons and optical
black carbon during ABC-EAREX2005. Atmos. Environ. 41,
2791–2803.
Beramendi-Orosco L., Snape C. E. and Large D. J. (2006) Stable
carbon isotope analysis of wood hydropyrolysis residues: a
potential indicator for the extent of cross-linking between lignin
and polysaccharides. Org. Geochem. 37, 64–71.
Bird M. I. and Cali J. A. (1998) A million-year record of fire in sub-
Saharan Africa. Nature 394, 767–769.
Bird M. I. and Gro¨cke D. R. (1997) Determination of the
abundance and carbon isotope composition of elemental
carbon in sediments. Geochim. Cosmochim. Acta 61, 3413–3423.
Bishop A. N., Love G. D. and McAulay A. D. (1998) Release of
kerogen-bound hopanoids by hydropyrolysis. Org. Geochem.
29, 989–1001.
Brodowski S., Rodionov A., Haumeier L., Glaser B. and Amelung
W. (2005) Revised black carbon assessment using benzene
polycarboxylic acids. Org. Geochem. 36, 1299–1310.
Bucheli T. D. and Gustafsson O¨. (2000) Quantification of the soot–
water distribution coefficient of PAHs provides mechanistic
basis for enhanced sorption observations. Environ. Sci. Technol.
34, 5144–5151.
Busch A., Gensterblum Y. and Krooss B. M. (2003) Methane and
CO2 sorption and desorption measurements on dry Argonne
premium coals: pure components and mixtures. Int. J. Coal
Geol. 55, 205–224.
Chow J. C., Watson J. G., Pritchett L. C., Pierson W. R., Frazier
C. A. and Purcell R. G. (1993) The DRI thermal/optical
reflectance carbon analysis system: description, evaluation and
applications in U.S. air quality studies. Atmos. Environ. 27,
1185–1201.
Crutzen P. J. and Andreae M. O. (1990) Biomass burning in the
tropics: impact on atmospheric chemistry and biogeochemical
cycles. Science 250, 1669–1678.
Currie L. A., Benner J. B. A., Kessler J. D., Klinedinst D. B.,
Klouda G. A., Marolf J. V., Slater J. F., Wise S. A., Cachier H.,
Cary R., Chow J. C., Watson J., Druffel E. R. M., Masiello C.
A., Eglinton T. I., Pearson A., Reddy C. M., Gustafsson O¨.,
Hartmann P. C., Quinn J. G., Hedges J. I., Prentice K. M.,
Kirchstetter T. W., Novakov T., Puxbaum H. and Schmid H.
(2002) A critical evaluation of interlaboratory data on total,
elemental, and isotopic carbon in the carbonaceous particle
W. Meredith et al. /Geochimica et Cosmochimica Acta 97 (2012) 131–147 145reference material, NIST SRM 1649a. J. Res. Natl. Inst. Stan.
107, 279–298.
De la Rosa J. M., Sanchez Garcia L., de Andres J. R., Gonzalez-
Vila F. J., Gonzalez-Perez J. A. and Knicker H. (2011)
Contribution of black carbon in recent sediments of the Gulf
of Cadiz: applicability of different quantification methodolo-
gies. Quatern. Int. 243, 264–272.
De Leenheer L. and Van Hove J. (1958) De´termination de la teneur
en carbone organique des sols: e´tude critique des me´thodes
titrime´triques. Pedologie 8, 39–77.
De Vos B., Lettens S., Muys B. and Deckers J. A. (2007) Walkley–
Black analysis of forest soil organic carbon: recovery, limita-
tions and uncertainty. Soil Use Manage. 23, 221–229.
Dickens A. F., Gelinas Y., Masiello C., Wakeham S. and Hedges J.
I. (2004) Reburial of fossil organic carbon in marine sediments.
Nature 427, 336–339.
Dittmar T. (2008) The molecular level determination of black
carbon in marine dissolved organic matter. Org. Geochem. 39,
396–407.
Dittmar T. and Koch B. P. (2006) Thermogenic organic matter
dissolved in the abyssal ocean. Mar. Chem., 208–217.
Elmquist M., Gustafsson O¨. and Andersson P. (2004) Quantifica-
tion of sedimentary black carbon using the chemothermal
oxidation method: an evaluation of ex situ pretreatments and
standard additions approach. Limnol. Oceanogr. 2, 417–427.
Elmquist M., Cornelissen G., Kukulska Z. and Gustafsson O¨.
(2006) Distinct oxidative stabilities of char versus soot black
carbon: implications for quantification and environmental
recalcitrance. Global Biogeochem. Cycles 20, GB2009. http://
dx.doi.org/10.1029/2005GB00262.
Gelinas Y., Prentice K. M., Baldock J. A. and Hedges J. I. (2001)
An improved thermal oxidation method for the quantification
of soot/graphitic black carbon in sediments and soils. Environ.
Sci. Technol. 35, 3519–3525.
Gladney E. S. and Roelandts I. (1988) Compilation of elemental
concentration data for USGS BHVO-1, MAG-1, QLO-1,
RGM-1, SCo-1, SDC-1, SGR-1 and STM-1. Geostand. Newsl.
12, 253–362.
Glaser B., Haumaier L., Guggenberger G. and Zech W. (1998)
Black carbon in soils: the use of benzenecarboxylic acids as
specific markers. Org. Geochem. 29, 811–819.
Grossman A. and Ghosh U. (2009) Measurement of activated
carbon and other carbons in sediment. Chemosphere 75, 469–
475.
Goldberg E. D. (1985) Black Carbon in the Environment. Properties
and Distribution. Wiley-Interscience, New York.
Guo Y. and Bustin R. M. (1998) FTIR spectroscopy and
reflectance of modern charcoals and fungal decayed woods:
implications for studies of inertinite in coals. Int. J. Coal Geol.
37, 29–53.
Gustafsson O¨., Haghseta F., Chan C., MacFarlane C. J. and
Gschwend P. (1997) Quantification of the dilute sedimentary
soot phase: implications for PAH speciation and bioavailabil-
ity. Environ. Sci. Technol. 31, 203–209.
Hammes K., Smernik R. J., Skjemstad J. O., Herzog A., Vocht U.
F. and Schmidt M. W. I. (2006) Synthesis and characterisation
of laboratory-charred grass straw (Oryza sativa) and chestnut
wood (Castanea sativa) as reference materials for black carbon
quantification. Org. Geochem. 37, 1629–1633.
Hammes K., Schmidt M. W. I., Smernik R. J., Currie L. A., Ball
W. P., Nguyen T. H., Louchouarn P., Houel S., Gustafsson O¨.,
Elmquist M., Cornelissen G., Skjemstad J. O., Masiello C. A.,
Song J., Peng P., Mitra S., Dunn J. C., Hatcher P. G.,
Hockaday W. C., Smith D. M., Hartkopf-Fro¨der C., Axel
Bo¨hmer M., Lu¨er B., Huebert B. J., Amelung G. W.,
Brodowski S., Huang L., Zhang W., Gschwend P. M., Flores-Cervantes G., Largeau C., Rouzaud J.-N., Rumpel C., Gug-
genberger G., Kaiser K., Rodionov A., Gonzalez-Vila F. J.,
Gonzalez-Perez J. A., De La Rosa J. M., Manning D. A. C.,
Lo´pez-Cape´l E. and Ding L. (2007) Comparison of quantifica-
tion methods to measure fire-derived (black/elemental) carbon
in soils and sediments using reference materials from soil, water,
sediment and the atmosphere. Global Biogeochem. Cycles 21,
GB3016. http://dx.doi.org/10.1029/2006GB002914.
Hammes K., Smernik R. J., Skjemstad J. O. and Schmidt M. W. I.
(2008) Characterisation and evaluation of reference materials
for black carbon analysis using elemental composition, colour,
BET surface area and 13C NMR spectroscopy. Appl. Geochem.
23, 2113–2122.
Han Y. N., Cao J. J., An Z. S., Chow J. C., Watson J. G., Jin Z. D.,
Fung K. C. and Liu S. X. (2007) Evaluation of the thermal/
optical reflectance method for quantification of elemental
carbon in sediments. Chemosphere 69, 526–533.
Hedges J. I. and Stern J. H. (1984) Carbon and nitrogen
determinations of carbonate-containing solids. Limnol. Ocea-
nogr. 29, 657–663.
Hilscher A. and Knicker H. (2011) Degradation of grass-derived
pyrogenic organic material, transport of the residues within a
soil column and distribution in soil organic matter fractions
during a 28 month microcosm experiment. Org. Geochem. 42,
42–54.
Hitzenberger R., Petzold A., Bauer H., Ctyroky P., Pouresmaeil P.,
Laskus L. and Puxbaum H. (2006) Intercomparison of thermal
and optical measurement methods for elemental carbon and
black carbon at an urban location. Environ. Sci. Technol. 40,
6377–6383.
Hockaday W. C., Grannas A. M., Kim S. and Hatcher P. G. (2006)
Direct molecular evidence for the degradation and mobility of
black carbon in soils from ultrahigh-resolution mass spectral
analysis of dissolved organic matter from a fire-impacted forest
soil. Org. Geochem. 37, 501–510.
Hockaday W. C., Grannas A. M., Kim S. and Hatcher P. G. (2007)
The transformation and mobility of charcoal in a fire-impacted
watershed. Geochim. Cosmochim. Acta 71, 3432–3445.
Horvath H. (1993) Atmospheric light absorption – a review. Atmos.
Environ. 27, 293–317.
Hower J. C., Anderson K. B., Mackay G., Pinheiro H., Flores D.
and Lemos de Sousa M. J. (1995) Interlaboratory comparisons
of petrography of liquefaction residues from three Argonne
Premium Coals. Org. Geochem. 22, 27–32.
Hsieh Y. P. and Bugna G. C. (2008) Analysis of black carbon in
sediments and soils using multi-element scanning thermal
analysis (MESTA). Org. Geochem. 39, 1562–1571.
Kim S., Kaplan L. A., Benner R. and Hatcher P. G. (2004)
Hydrogen-deficient molecules in natural riverine water samples
– evidence for the existence of black carbon in DOM. Mar.
Chem. 92, 225–234.
Knicker H., Mu¨ller P. and Hilscher A. (2007) How useful
is chemical oxidation with dichromate for the determination
of “Black Carbon” in fire-affected soils? Geoderma 142, 178–
196.
Krull E. S., Skjemstad J. O., Graetz D., Grice K., Dunning W.,
Cook G. and Parr J. F. (2003) 13C-depleted charcoal from C4
grasses and the role of occluded carbon in phytoliths. Org.
Geochem. 34, 1337–1352.
Kuhlbusch T. A. J. and Crutzen P. J. (1995) Toward a global
estimate of black carbon in residues of vegetation fires
representing a sink of atmospheric CO2 and a source of O2.
Global Biogeochem. Cycles 9, 491–501.
Li B. Q., Mitchell S. C. and Snape C. E. (1996) Effect of heating
rate on normal and catalytic fixed-bed hydropyrolysis of coals.
Fuel 75, 1393–1396.
146 W. Meredith et al. /Geochimica et Cosmochimica Acta 97 (2012) 131–147Lopez-Capel E., Sohi S. P., Gaunt J. L. and Manning D. A. C.
(2005) Use of thermogravimetry–differential scanning calorim-
etry to characterize modelable soil organic matter fractions.
Soil Sci. Soc. Am. J. 69, 136–140.
Love G. D., Snape C. E., Carr A. D. and Houghton R. C. (1995)
Release of covalently-bound alkane biomarkers in high yields
from kerogen via catalytic hydropyrolysis. Org. Geochem. 23,
981–986.
Love G. D., McAulay A., Snape C. E. and Bishop A. N. (1997)
Effect of process variables in catalytic hydropyrolysis on the
release of covalently-bound aliphatic hydrocarbons from sed-
imentary organic matter. Energy Fuels 11, 522–531.
Masiello C. A. (2004) New directions in black carbon organic
geochemistry. Mar. Chem. 92, 201–213.
McBeath A. V., Smernik R. J., Schneider M. P. W., Schmidt M. W.
I. and Plant E. L. (2011) Determination of the aromaticity and
the degree of aromatic condensation of a thermosequence of
wood charcoal using NMR. Org. Geochem. 42, 1194–1202.
Meredith W., Russell C. A., Cooper M., Snape C. E., Love G. D.,
Fabbri D. and Vane C. H. (2004) Trapping hydropyrolysates
on silica and their subsequent thermal desorption to facilitate
rapid fingerprinting by GC–MS. Org. Geochem. 35, 73–89.
Meredith W., Sun C., Snape C. E., Sephton M. A. and Love G. D.
(2006) The use of model compounds to investigate the release of
covalently bound biomarkers in hydropyrolysis. Org. Geochem.
37, 1705–1714.
Murray I. P., Love G. D., Snape C. E. and Bailey N. J. L. (1998)
Comparison of covalently-bound aliphatic biomarkers released
via hydropyrolysis with their solvent-extractable counterparts
for a suite of Kimmeridge clays. Org. Geochem. 29, 1487–1505.
National Institute of Standards and Technology (2004) Certificate
of analysis, Standard Reference Material (SRM) 1941b:
Organics in marine sediment, report, Gaithersburg, MD.
Details available at: <https://www-s.nist.gov/srmors/certifi-
cates/1941B.pdf>.
National Institute of Standards and Technology (2007) Certificate
of analysis, Standard Reference Material (SRM) 1649a: Urban
dust, report, Gaithersburg, MD. Details available at: <https://
www-s.nist.gov/srmors/certificates/1649A.pdf>.
National Institute of Standards and Technology (2009) Certificate
of analysis, Standard Reference Material (SRM) 1649b: Urban
dust, report, Gaithersburg, MD. Details available at: <https://
www-s.nist.gov/srmors/view_cert.cfm?srm=1649B>.
Nelson D. W. and Sommers L. E. (1996) Total carbon, organic
carbon, and organic matter. InMethods of Soil Analysis, Part 3
– Chemical Methods’ (ed. D. L. Sparks). Soil Science Society of
America, Madison, pp. 961–1010.
Nguyen T. H., Brown R. A. and Ball W. P. (2004) An evaluation of
thermal resistance as a measure of black carbon content in
diesel soot, wood char, and sediment. Org. Geochem. 35, 217–
234.
Preston C. M. and Schmidt M. W. I. (2006) Black (pyrogenic)
carbon: a synthesis of current knowledge and uncertainties with
special consideration of boreal regions. Biogeoscience 3, 397–
420.
Plante A. F., Pernes M. and Chenu C. (2005) Changes in clay-
associated organic matter quality in a C depletion sequence as
measured by differential thermal analyses. Geoderma 129, 186–
199.
Reisinger P., Wonaschutz A., Hitzenberger R., Petzold A., Bauer
H., Jankowski N., Puxbaum H., Chi X. and Maenhaut W.
(2008) Intercomparison of measurement techniques for black or
elemental carbon under urban background conditions in
wintertime: influence of biomass combustion. Environ. Sci.
Technol. 42, 884–889.Roberts M. J., Snape C. E. and Mitchell S. C. (1995) Hydropyr-
olysis: fundamentals, two-stage processing and PDU operation.
In Geochemistry, Characterisation and Conversion of Oil Shales
(ed. C. E. Snape). Kluwer, Dordecht, pp. 277–294.
Rocha J. D., Luengo C. A. and Snape C. E. (1999) The scope for
generating bio-oils with relatively low oxygen contents via
hydropyrolysis. Org. Geochem. 30, 1527–1534.
Scott A. C. (1989) Observations on the nature and origin of fusain.
Int. J. Coal Geol. 12, 443–475.
Scott A. C. (2000) The pre-Quaternary history of fire. Palaeogeogr.
Palaeoclimatol. Palaeoecol. 164, 281–329.
Sephton M. A., Meredith W., Sun C. and Snape C. E. (2005)
Hydropyrolysis as a preparative method for the compound-
specific carbon isotope analysis of fatty acids. Rapid Commun.
Mass Spectrom. 19, 323–325.
Schmidt M. W. I. and Noack A. G. (2000) Black carbon in soils
and sediments analysis, distribution, implications and current
challenges. Global Biogeochem. Cycles 14, 777–793.
Schmidt M. W. I., Skjemstad J. O., Czimczik C. I., Glaser B.,
Prentice K. M., Gelinas Y. and Kuhlbusch T. A. J. (2001)
Comparative analysis of black carbon in soils. Global Biogeo-
chem. Cycles 15, 163–167.
Schneider M. P. W., Hilf M., Vogt U. F. and Schmidt M. W. I.
(2010) The benzene polycarboxylic acid (BPCA) pattern of
wood pyrolyzed between 200 C and 1000 C. Org. Geochem.
41, 1082–1088.
Simpson M. J. and Hatcher P. G. (2004a) Determination of black
carbon in natural organic matter by chemical oxidation and
solid-state 13C nuclear magnetic resonance spectroscopy. Org.
Geochem. 35, 923–935.
Simpson M. J. and Hatcher P. G. (2004b) Overestimations of black
carbon in soils and sediments. Naturwissenschaften 91, 436–440.
Skjemstad J. O., Clarke P., Taylor J. A., Oades J. M. and McClure
S. G. (1996) The chemistry and nature of protected carbon in
soil. Aust. J. Soil Res. 34, 251–271.
Sleighter R. L. and Hatcher P. G. (2008) Molecular characteriza-
tion of dissolved organic matter (DOM) along a river to ocean
transect of the lower Chesapeake Bay by ultrahigh resolution
electrospray ionization Fourier transform ion cyclotron reso-
nance mass spectrometry. Mar. Chem. 110, 140–152.
Smith D. M. and Chughtai A. R. (1995) The surface structure and
reactivity of black carbon. Colloids Surf., A 105, 47–77.
Stubbins A., Spencer R. G. M., Chen H. M., Hatcher P. G.,
Mopper K., Hernes P. J., Mwamba V. L., Mangangu A. M.,
Wabakanghanzi J. N. and Six J. (2010) Illuminated
darkness: molecular signatures of Congo River dissolved
organic matter and its photochemical alteration as revealed
by ultrahigh precision mass spectrometry. Limnol. Oceanogr.
55, 1467–1477.
Sun H., Hockaday W. C., Masiello C. A. and Zygourakis K. (2012)
Multiple controls on the chemical and physical structure of
biochars. Ind. Eng. Chem. Res. 51, 3587–3597.
ten Brink H., Maenhaut W., Hitzenberger R., Gnauk T., Spindler
G., Even A., Chi X. G., Bauer H., Puxbaum H., Putaud J. P.,
Tursic J. and Berner A. (2004) INTERCOMP2000: the com-
parability of methods in use in Europe for measuring the
carbon content of aerosol. Atmos. Environ. 38, 6507–6519.
Trewhella M. J., Poplett I. J. F. and Grint A. (1986) Structure of
Green River oil-shale kerogen – determination using solid-state
C-13 NMR spectroscopy. Fuel 65, 541–546.
Turney C. S. M., Wheeler D. and Chivas A. R. (2006) Carbon
isotopic fractionation in wood during carbonization. Geochim.
Cosmochim. Acta 70, 960–964.
Vorres K. S. (1990) The Argonne Premium Coal Sample Program.
Energy Fuels 4, 420–426.
W. Meredith et al. /Geochimica et Cosmochimica Acta 97 (2012) 131–147 147Watson J. G., Chow J. C. and Chen L. W. A. (2005) Summary of
organic and elemental carbon/black carbon analysis methods
and intercomparisons. Aerosol Air Qual. Res. 5, 65–102.
Wolbach W. S. and Anders E. (1989) Elemental carbon in
sediments: determination and spectroscopic analysis in the
presence of kerogen. Geochim. Cosmochim. Acta 53, 1637–1647.Ziolkowski L. A. and Druffel E. R. M. (2010) Aged black carbon
identified in marine dissolved organic carbon. Geophys. Res.
Lett. 37, L16601. http://dx.doi.org/10.1029/2010GL043963.
Associate editor: Jon Chorover
